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ABSTRACT

The compressional (P) and shear wave velocities (S) and unit cell volumes (densities) of polycrystalline tungsten (W) have been measured
simultaneously up to 10.5 GPa and 1073 K using ultrasonic interferometry in conjunction with x-ray diffraction and x-radiography tech-
niques. Thermoelastic properties of W were derived using different methods. We obtained the isothermal bulk modulus KT0 = 310.3
(1.5) GPa, its pressure derivative K0

T0 = 4.4(3), its temperature derivative at constant pressure (@KT / @T)P ¼ � 0:0138(1) GPaK�1 and at
constant volume (@KT / @T)V ¼ � 0:0050 GPa K�1, the thermal expansion α(0, T) = 1.02(27) × 10−5 + 7.39(3.2) × 10−9 T (K−1), as well as
the pressure derivative of thermal expansion (@α/@P)T ¼ �1:44(1)� 10�7 K�1GPa�1 based on the high-temperature Birch–Murnaghan
equation of state (EOS), the Vinet EOS, and thermal pressure approach. Finite strain analysis allowed us to derive the elastic properties and their
pressure/temperature derivatives independent of the choice of pressure scale. A least-squares fitting yielded KS0 = 314.5(2.5) GPa, KS0

0 = 4.45(9),
(∂KS/∂T)P =− 0.0076(6) GPa K−1, G0 = 162.4(9) GPa, G0

0 = 1.8(1), (∂G/∂T)P =− 0.0175(9) GPa K−1, and α298K ¼ 1:23 � 10�5 K�1. Fitting
current data to the Mie–Grüneisen–Debye EOS with derived θ0 ¼ 383:4 K yielded γ0 ¼ 1:81(6) and q ¼ 0:3. The thermoelastic parameters
obtained from various approaches are consistent with one another and comparable with previous results within uncertainties. Our current study
provides a complete and self-consistent dataset for the thermoelastic properties of tungsten at high P–T conditions, which is important to
improve the theoretical modeling of these materials under dynamic conditions.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0022536

INTRODUCTION

The diamond anvil cell (DAC) and multi-anvil large volume
presses are the two most commonly utilized techniques to generate
static high pressures for experimental studies on the structural,
physical, and chemical properties of materials in response to stress.
Accurate determination of pressures in these experiments is needed
for comparison between experimental results and theoretical calcu-
lations, thus the validity of the predictive model can be evaluated.
Certain experimentally measurable properties of candidate pressure
scale materials need to be well-determined as functions of pressure,
such as the equations of state (EOS). Various EOS formulations for
solids at high pressures have been developed and comprehensive
reviews of these EOS are available in the literature (e.g., Refs. 1–3),
among which the Birch EOS1 and the Vinet EOS2 are the most-used
formulations to derive thermodynamic parameters. Previous EOS of

metals have been studied up to Mbar conditions (e.g., Refs. 3 and 4),
however, most were limited to room temperature. Thermoelastic
properties for metals still need to be investigated under simultaneous
high pressure and temperature conditions.

5d transition metal tungsten (W) features the highest melting
point of all non-alloyed metals and very high moduli of elasticity.
Materials strength and resistance to wear and corrosion can be
greatly increased by alloying with tungsten. Because of these
unique properties, tungsten and its alloys have been widely used
for military, aerospace, electronics, and other applications.5

Tungsten crystallizes in a body-centered-cubic (bcc) structure at
ambient conditions. The stability of the bcc phase spans a wide
range in pressure and temperature,6–9 making tungsten an excellent
pressure calibrant in diamond anvil cell high-pressure experiments.
Several experimental and theoretical studies have been carried out
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to investigate the elastic properties and EOS of tungsten, including
ultrasonic measurements,10–13 shock wave experiments,14 and static
compression.15–18 However, most previous works were carried out
at high pressures and room temperature or at high temperatures
and room pressure. Up to now, only two sets of EOS data of W at
simultaneous high pressures and high temperatures were reported
by Dubrovinsky et al.16 up to 46.6 GPa, 2100 K and Litasov et al.17

up to 33.5 GPa and 1673 K, respectively. Meanwhile, results on the
shear properties of W as a function of pressure and/or temperature
are still rare. In this study, we conducted sound velocity measure-
ments on polycrystalline tungsten at simultaneous high P–T
conditions using ultrasonic interferometry in conjunction with syn-
chrotron x-ray diffraction techniques up to 10.5 GPa and 1073 K.
Compressional (P) and shear (S) wave velocities as well as the
unit-cell volumes (densities) were presented. The elastic bulk and
shear moduli, their pressure and temperature derivatives and pres-
sure derivative of thermal expansion were derived by different
approaches. The present study offers a comprehensive dataset for
the thermoelasticity of polycrystalline bcc W, which is crucial for
modeling its behavior under static and dynamic conditions.

METHOD

The polycrystalline tungsten sample used for acoustic mea-
surement was hot-pressed at 5 GPa and 1373 K for 1.5 h in a
2000-ton uniaxial split-cylinder apparatus (USCA-2000) in the
High Pressure Laboratory at Stony Brook University using fine-
grained tungsten powder (Sigma Aldrich, � 99.99%) as the starting
material. The recovered sample was well sintered with a bulk
density of 19:260(2) g/cm3 measured by the Archimedes’ immer-
sion method. The result is essentially identical to the theoretical
value of 19:256(26) g/cm3,18 indicating a high-quality and crack-
free specimen that is ideal for the subsequent ultrasonic

experiments. More details about the sintering experimental setup
can be found in Ref. 19

High-pressure and high-temperature ultrasonic experiments
were conducted up to 10.5 GPa and 1073 K in a 1000-ton
Kawai-type, multi-anvil apparatus (T-25) in conjunction with in
situ x-ray diffraction at beamline 13-ID-D of GSECARS, Advanced
Photon Source, Argonne National Laboratory. Details of the experi-
mental setup can be found elsewhere.20 Figure 1(a) shows the sche-
matic diagram of the octahedral cell assembly. A dual-mode
piezoelectric LiNbO3 transducer (50MHz resonant frequency for P
waves and 30MHz for S waves) was used to generate and receive
acoustic signals simultaneously. The sample sit roughly in the
center of the cell. MgO octahedron was used as the pressure-
transmitting medium and graphite was used as a furnace material.
One side of the sample was in direct contact with a dense polycrys-
talline alumina that served as a buffer rod, while the other end was
backed by a disk of NaCl + BN (10:1 wt. %) mixture to provide
pseudo-hydrostatic conditions at high pressures and high tempera-
tures, which was also served as an internal pressure maker.
Pressures were calculated from Decker’s equation of state for
NaCl.21 Uncertainties in the pressure are less than 0.2 GPa in the
current pressure range. Temperatures were measured by a W/Re
26%–W/Re 5% thermocouple placed against the MgO cap next to
the NaCl backing piece.

The P–T path for the current experiment is plotted in
Fig. 1(b). The tungsten sample was initially compressed to the
highest pressure of 11.2 GPa, followed by heating to the maximum
temperature of 1073 K at a constant ram load to relax the nonhy-
drostatic stress and subsequent cooling to room temperature. The
same procedure was repeated five times at progressively lower ram
load. Data were collected along the cooling process during each
cycle. Energy dispersive x-ray diffraction patterns were collected at
the interface between the sample and NaCl with a fix 2θ (6.09°)

FIG. 1. (a) Schematic diagram of the cross section of the cell assembly. (b) Experimental pressure–temperature path. The open circles represent the data collecting upon
cold compression, whereas the solid circles are data collecting at certain P–T conditions along cooling.
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due to strong x-ray absorption of tungsten. The recorded diffrac-
tion profiles were analyzed using the software program
PDIndexer22 to obtain the lattice parameters and thus densities at
high P–T conditions. The relative standard deviations in the unit
cell volumes are typically less than 0.1%. P and S wave travel times
were obtained using the pulse echo overlap (PEO) method with a
resolution of 0.2 ns. Sample lengths were determined from the pixel
profile using ImageJ23 by analyzing the x-radiography images
recorded by the charge-coupled device (CCD) camera with a reso-
lution of 2 μm/pixel. The acoustic travel time measurements have a
resolution of 0.2 ns,20 resulting in an error less than + 0.1% in
the compressional (P) and shear (S) wave travel times for W. The
propagated uncertainties in VP andVS were mainly from the

uncertainty in the determination of sample length, which was
∼0.5% in this study.

RESULTS AND DISCUSSION

The unit cell volume of W obtained at ambient conditions in
this experiment is V0 = 31.68(1) Å3 and the lattice parameter
a = 3.1642(1) Å, which are in good agreement with previous studies
varying from 31.68 to 31.72 Å.15,17,18 The unit cell volumes and
lattice parameters at all P–T conditions are listed in Table I. The
unit cell volumes are plotted as a function of pressure and tempera-
ture in Fig. 2 and compared with previous studies. The results are
consistent with those reported by Dewaele et al.15 and Litasov
et al.17 within the current pressure and temperature range. To
derive the thermoelastic properties, the observed P–V–T data are
first fitted to a modified high-temperature Birch–Murnaghan equa-
tion of state truncated at the third order, given by24
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P

, (2)

where KT0,298K andKT0 denote isothermal bulk modulus at 298 K
and any given temperature T. K 0

T0 and @KT
@T

� �
P
are the pressure and

temperature derivatives of the bulk modulus, respectively. VT0 is
the unit-cell volume at atmospheric pressure and temperature T,

TABLE I. Lattice parameters and unit-cell volumes of tungsten at various P–T
conditions.

Pressure (GPa) Temperature (K) a (Å) V (Å3)

Compression (before heating)
0.9 298 3.1608(2) 31.579(7)
3.6 298 3.1518(2) 31.311(6)
6.3 298 3.1438(2) 31.072(7)
8.2 298 3.1373(3) 30.880(8)
10.0 298 3.1321(2) 30.726(7)
11.2 298 3.1283(2) 30.616(7)
Decompression (after heating)
0.3 298 3.1638(5) 31.667(16)
0.9 298 3.1613(4) 31.593(11)
1.3 298 3.1608(4) 31.578(10)
1.6 298 3.1597(3) 31.546(10)
3.4 298 3.1532(2) 31.350(7)
5.3 298 3.1477(3) 31.187(16)
7.3 298 3.1411(3) 30.993(10)
9.3 298 3.1343(3) 30.791(10)
1.9 473 3.1600(4) 31.555(11)
3.8 473 3.1548(3) 31.398(6)
5.6 473 3.1485(3) 31.212(8)
7.6 473 3.1431(3) 31.050(8)
9.5 473 3.1373(5) 30.880(13)
2.3 673 3.1634(3) 31.658(9)
4.1 673 3.1565(3) 31.451(9)
6.1 673 3.1491(3) 31.231(10)
7.9 673 3.1442(3) 31.084(9)
9.6 673 3.1387(4) 30.921(12)
2.7 873 3.1639(4) 31.670(13)
4.5 873 3.1577(4) 31.484(11)
6.4 873 3.1520(4) 31.317(8)
8.3 873 3.1459(3) 31.135(10)
9.9 873 3.1408(3) 30.981(13)
3.4 1073 3.1663(4) 31.743(13)
5.2 1073 3.1582(6) 31.501(16)
7.0 1073 3.1534(4) 31.357(10)
8.7 1073 3.1487(6) 31.217(17)
10.5 1073 3.1435(3) 31.064(9)

FIG. 2. Pressure–volume–temperature data of tungsten along isotherm. Solid
circles are data from current experiments. Open squares are results from
Litasov et al.17 up to 1073 K, whereas open diamonds are data from Dewaele
et al.15 at room temperature. Solid lines represent the least-squares fit using a
modified high-temperature Birch–Murnaghan equation of state at different
temperatures.
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which can be calculated by

VT0 ¼ V0e
Ð
αdT , (3)

where V0 is the unit cell volume at ambient conditions, and α is
the volumetric thermal expansion at room pressure, commonly
given in a form of α ¼ a þ bT . To minimize the deviatoric stress
effect, the unit cell volumes collected along cold compression
before heating were excluded in the current fitting procedure.
Using a least-squares fit with setting all parameters (unit cell
volume at ambient conditions V0, thermal expansion coefficient a
and b, isothermal bulk modulus at room temperature KT0, and its
pressure and temperature derivatives (K0

T0 and @KT / @T) free, we
obtain V0 = 31.691(1) Å3, KT0 = 310.3(1.5) GPa, K0

T0 = 4.4(3),
@KT / @T ¼ �0:0138(1) GPaK�1 α(0, T) = a + bT, with a = 1.02
(27) × 10−5 K−1 and b = 7.39(3.2) × 10−9 K−2. The errors are one
standard deviations of the least-squares fitting; uncertainties in the
observed P–V–T data are not included for error estimation. As
shown in Fig. 2, the derived thermoelastic parameters well reproduce
the experimental P–V–T data. This bulk modulus of W agrees well
with previous results of KT0 = 307 GPa at K’T0 = 4.32 by static com-
pression experiments in a diamond anvil cell,18 KT0 = 317.5 GPa at
K’T0 = 3.8 by shock wave experiments,25 and KT0 = 308 GPa at
K’T0 = 4.2 by static compression experiments in a multi-anvil appara-
tus.17 The volumetric thermal expansion from current study yields a
value of 1.24 × 10−5 K−1 at room conditions, which is compatible

with the range of 9.77 × 10−6 to 1.41 × 10−5 K−1 reported in previous
studies by Dubrovinsky et al.,26 Saxena et al.,24 and Litasov et al.17

(see details in Table II). The temperature derivative of bulk modulus
at constant pressure (@KT /@T)P ¼ � 0:0138(1) GPaK�1 falls in the
range from −0.0132 to −0.0184 GPaK−1 reported by Litasov et al.
using different fitting parameters.17 This value is relatively smaller
than those of neighbors of W in the Periodic Table, such as molyb-
denum Mo (@KT /@T)P ¼ � 0:034(9) GPaK�1 by Zhao et al.27 and
niobium Nb (@KT /@T)P ¼ � 0:064(7) GPaK�1 by Zou et al.28

Based on thermodynamic equation @α
@P

� �
T
¼ @KT

@T

� �
P
K�2
T0 , the pressure

derivative of the thermal expansion is determined to be −1.44
(1) × 10−7 K−1GPa−1, in which the uncertainty is estimated from the
error propagation of (@KT /@T)P and @KT0.

The Birch–Murnaghan EOS is based on the assumption that
strain energy of a solid under hydrostatic compression can be
expressed as a Taylor series in the finite Eulerian strain.29 It is
known that a low-order truncation of energy does not suffice to fit
the experimental data under very high pressures.30 At V/V0 , 0:6,
the Vinet EOS, derived from an empirical inter-atomic potential, is
in much better agreement with experimental data for metals,
dielectrics, and ionic solids, if no phase transition is observed.31

The Vinet formulation of EOS is2

P ¼ 3K0x
�2(1� x)exp[(1:5K 0

o � 1:5)(1� x)], (4)

where x ¼ V=V0ð Þ13 is simply the linear compression. In order to fit
all P–V–T data, temperature effects need to be introduced in

TABLE II. Thermoelastic parameters of tungsten derived using different approaches compared with previous studies. (The bold values have been fixed during the fitting
procedure.)

Reference This study 1a 2b 3c 4d

HTBMe Vinetf TPg FSh HTBMe MGDi HTBMe Ultrasonic HTBMe

V0(Å
3) 31.691(1) 31.691(1) 31.690(1) 31.691 31.71 31.698 31.69(2)

KT0(GPa) 310.3(1.5) 310.3(1.5) 310.4(1.5) 312.4(2.5) 308 307 311.6 308.6 304(2)
KT0

0 4.4(3) 4.5(3) 4 4.4(9) 4.2 4.25 3.5 4.32 4.09(33)
(∂KT/∂T)P(GPa K−1) −0.0138(1) −0.0139(1) −0.0135(1) −0.0155(15) −0.0184 … −0.0188
G0(GPa) … … … 162.4(9) … … 160
G0’ … … … 1.8(1) … … 1.52
∂G/∂T(GPa K−1) … … … −0.0175(9) … … …
a(×10−5 K−1) 1.02(27) 1.02(28) … 1.02 1.35 … 0.94 … 1.37
B(×10−8 K−2) 0.739(3.2) 0.737(3.2) … 0.7 0.21 … 0.55 … −0.074
α298 K(×10

−5 K−1) 1.24 1.24 … 1.23 1.41 … 1.10 1.35 0.112*
γ0 … … 1.79 … 1.72 1.81 1.65
(∂α/∂P)T(×10−7 K−1) −1.44(1) −1.44(1) −1.40(1) … … … … …
αKT(GPa K

−1) … … 0.0047 … … … … …

a)Litasov et al. (2013),17 W powder , up to 33.5 GPa and 1673 K.
b)Saxena et al. (1990),24 data synthesis.
c)Katahara et al. (1979),10 single crystal W, up to 0.5 GPa and 300 K.
d)Dubrovinsky et al. (2010),16 single crystal W, up to 46.6 GPa and 2100 K. *Thermal expansion is given as α 0;Tð Þ ¼ aþ bT � c=T2, where c=1.098(3).
e)High-temperature Birch–Murnaghan EOS.
f)Vinet EOS.
g)Thermal pressure approach.
h)Finite strain EOS.
i)Mie–Grüneisen–Debye EOS.
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the Vinet EOS. Similar modifications as to that for the
high-temperature Birch–Murnaghan EOS are applied here, i.e., x ¼
VPT=VT0ð Þ13 andK0 is replaced with KT ¼ KT0 þ @K

@T

� �
(T � 298).

High-order temperature derivatives have been ignored due to the
limited P–T range and a small volumetric compression of tungsten
reached in the current experiments. The derived parameters from
the Vinet EOS are essentially the same as those derived from the
Birch–Murnaghan EOS within their mutual uncertainties (see
Table II). Both EOSs can reproduce the P–V–T data well in current
P–T ranges. The goodness of the EOS fit is evaluated by the differ-
ences in pressure between the experimental values derived from the
EOS of NaCl and those calculated using Vinet EOS, and the results
for all isotherms are shown in Fig. 3. We note that the deviations are
distributed evenly within the pressure range, and the uncertainties in
pressures are within 0.4 GPa.

Another way to analyze the P–V–T data is the thermal pres-
sure approach based on the Mie–Grüneisen theory.32,33 The
method is useful for determining (∂KT/∂T)V, the temperature
derivative for bulk modulus at a constant volume, which is experi-
mentally difficult to measure. In contrast to the high-temperature
Birch–Murnaghan EOS approach which involves first heating V
(0, 298 K) at ambient conditions to high temperature T along
P = 0 and then compressing the expanded volume V(0, T) along
the isotherm to reach the measured V(P, T), the thermal pressure
approach first compresses the ambient V(0, 298 K) to high
pressure P along T = 298 K and then heats it up to temperature T
at constant volume to reach V(P, T). As expressed in Eq. (5),
the thermal pressure Pth at any temperature above 298 K is
calculated by subtracting the pressure at volume V and at 298 K
from the pressure measured at the same V and at a given
temperature T,32,34

Pth ¼ P (V , T) � P(V , 298) ¼
ðT
298 k

(@P/@T)VdT ¼ αKT (V298, T) þ [(@KT /@T)V ln (V298/V)](T � 298): (5)

Following this definition, thermal pressures for W as a func-
tion of temperature and unit cell volume are plotted in Fig. 4.
As shown in Fig. 4(a), the thermal pressure increases almost
linearly with temperature. A least-squares fit of thermal pressure
values from the whole P–V–T dataset to Eq. (5) yields
αKT (V298, T) ¼ 0:0046 and @KT

@T

� �
V
¼ 0:0050 GPa K�1. If consid-

ering the uncertainty in the fitting, the value of @KT
@T

� �
V
is close to

zero, which is consistent with the linear fit result of the thermal
pressure vs temperature αKT (V298, T) ¼ 0:0047 GPaK�1 in
Fig. 4(a). From the well-known thermodynamic identity

(@KT /@T)V ¼ (@KT /@T)P þ (@KT /@P)TαKT(V298, T), (6)

we obtain (@KT /@T)P ¼ � 0:0135 GPa K�1 , which is comparable
to the value of −0.0138 GPa K−1 derived from Eq. (2). @α

@P

� �
T

is
determined to be −1.40(1) × 10−7 K−1GPa−1, which is in excellent
agreement with the result of −1.44(1) × 10−7 K−1GPa−1 from the
high-temperature Birch–Murnaghan EOS. With determined αKT ,
the thermal Grüneisen parameter can be derived using the

expression

γth ¼
αKT

ρCV
, (7)

with ρ0 ¼ 19:26 g/cm3 and the isochoric heat capacity
CV ¼ 13:1 J/mol K,14 the thermal Grüneisen parameter of tung-
sten yields γth ¼ 1:82, which is within the range of 1.53–2.20
reported in previous studies (e.g., Refs. 10, 14, and 17), but in a
closer agreement with the value of 1.81 by Litasov et al.17

The compressional (P) and shear (S) wave velocities
V(P,S) ¼ l

t(P,S)

� �
on decompression along cooling after peak pres-

sure and temperature are plotted in Fig. 5 and compared with pre-
vious ultrasonic measurements at room temperature by Qi. et al.13

Both P and S wave velocities along 298 K isotherm show marginal
agreement with previous results within their mutual uncertainties.
The elastic longitudinal (L ¼ ρV2

P ¼ KS þ 4G/3) and shear
(G ¼ ρV2

S ) moduli at all pressure and temperature conditions are
calculated from the velocity and density data (see Table III) and
plotted as a function of pressure and temperature in Fig. 6. Both
the velocities and the elastic moduli increase with increasing

FIG. 3. Differences between pressures calculated using EOS of NaCl and the
Vinet EOS along all isotherms.

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 128, 105105 (2020); doi: 10.1063/5.0022536 128, 105105-5

Published under license by AIP Publishing.

https://aip.scitation.org/journal/jap


pressure and decrease with increasing temperature. Similar pressure
dependence of velocities and elastic moduli can be found at differ-
ent isotherms. Assuming linear pressure and temperature depen-
dences for KS andG, KS, andG are first fitted simultaneously to
the following equations:

KS ¼ KS0 þ @KS

@P
(P � P0) þ @KS

@T
(T � T0), (8)

G ¼ G0 þ @G
@P

(P � P0) þ @G
@T

(T � T0): (9)

We obtain KS0= 313.7GPa, KS0
0 = 4.7, ∂KS/∂T=− 0.0086GPaK−1,

G0 = 163.5 GPa, G0 = 1.7, ∂G/∂T =− 0.0176 GPa K−1. However, this
method is lack of clear physical meaning. Experimental errors in
pressure and temperature may greatly affect the fitting results. We
then used the finite strain approach to fit all data along decompres-
sion. The equations are given by35

ρV2
P ¼ (1 � 2f )

5
2(L1 þ L2f ), (10)

ρV2
S ¼ (1 � 2f )

5
2(M1 þ M2f ), (11)

where f ¼ 1� V0
V

� �2/3h i
/2 is the Eulerian strain. With derived

L1, L2, M1, andM2, the adiabatic bulk (Ks0) and shear modulus
(G0), as well as their isothermal pressure derivative (K 0

s0 andG
0
0),

can be calculated using the following equations:

KS0 ¼ L1 � 4
3
M1, (12)

G0 ¼ M1, (13)

K 0
S0 ¼ 5L1 � L2

3KS0
� 4G0

0

3
, (14)

G0
0 ¼ 5M1 �M2

3KS0
: (15)

The temperature derivatives are determined from fitting all
data at high P–T conditions using Eqs. (10)–(15) by assuming all
temperatures to be raised along separate adiabatic compression
with different foot temperature at zero pressure. Details about this
fitting procedure can be found in Ref. 36. Using this approach with
V0 fixed at 31.691 Å3 and γ0 = 1.79 from our previous calculations,
q0 = 0.71 from Litasov et al.,17 we obtain KS0 = 314.5(2.5) GPa,
KS0

0 = 4.45(9), (∂KS/∂T)P =− 0.0076(6) GPa K−1, G0 = 162.4(9) GPa,
G0

0 = 1.8(1), (∂G/∂T)P =− 0.0175(9) GPa K−1, and α ¼ a þ bT

FIG. 4. (a) Thermal pressures of tungsten as a function of temperature. Red dashed line is the linear fit result. (b) The spread of the data points at a given temperature
corresponding to the thermal pressures at given volumes.

FIG. 5. Compressional and shear wave velocities of tungsten at high pressures
and high temperatures.
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with a = 1.02 × 10−5 K−1, b = 7.00 × 10−9 K−2. The determined
thermal expansion at 298 K is 1.23 × 10−5 K−1, which is in excellent
agreement with that derived from the high-temperature Birch–
Murnaghan EOS. The adiabatic parameters KS0, KS0

0 and (∂KS/∂T)P
can be converted to the isothermal values using the following
thermodynamic relations: KT ¼ KS/(1 þ αγT), K 0

T0 ffi (1 þ αγT)�1

[K 0
S0 � γT/KT(@KS/@T)P], (@KT /@T)P ffi (@KS/@T)P/(1þ αγT)

�KS/(1þ αγT)2[αγ þ (@α/@T)γT],37 yielding KT0 ¼ 312:4(2:5)
GPa, K 0

T0 ¼ 4:4(9) and (@KT /@T)P ¼ � 0:0155(15) GPa K�1,
which is consistent within uncertainties with results using the high-
temperature Birch–Murnaghan EOS and the thermal pressure
approach (see Table II). A recent ultrasonic study on W at high
pressures and room temperature by Qi et al.13 reported KS0 = 325.9
(4.8) GPa, KS0

0 = 3.65(5), G0 = 164.1(2.5) GPa and G0
0 = 1.28(2).

The shear modulus shows good agreement with current study
within the uncertainties, but the bulk modulus is ∼3.6% higher
than the current result. The discrepancies may be attributed to a
strong trade-off between KS0 and KS0

0 which are constrained simul-
taneously by fitting to the EOS. To reduce uncertainties in K0

0,
larger datasets and wider pressure ranges are still needed.38 Our
current experiment offers the opportunity to directly evaluate the
sound velocities and elastic moduli of tungsten at simultaneous
high pressure and high temperature conditions. Moreover, the

TABLE III. Experimental data for tungsten at high pressures and high temperatures.

P (GPa) T (K) 2TP (μs) 2TS (μs) Length (mm) Density (g/cm3) VP (km/s) VS (km/s) KS (GPa) G (GPa) L (GPa)

0.9 298 0.2884(2) 0.5204(2) 0.760(2) 19.33(1) 5.27(3) 2.92(1) 317.1(5) 164.9(3) 537.3(8)
1.3 298 0.2876(2) 0.5188(2) 0.760(2) 19.34(1) 5.29(3) 2.93(1) 318.9(5) 166.0(3) 540.4(8)
1.6 298 0.2872(2) 0.5184(2) 0.760(2) 19.36(1) 5.29(3) 2.93(1) 320.4(5) 166.5(3) 542.1(8)
3.4 298 0.2820(2) 0.5120(2) 0.753(2) 19.48(1) 5.34(3) 2.94(1) 331.0(5) 168.6(5) 563.4(8)
5.3 298 0.2780(2) 0.5044(2) 0.748(2) 19.58(1) 5.38(3) 2.97(1) 337.9(5) 172.5(5) 580.8(9)
7.3 298 0.2744(2) 0.5000(2) 0.746(2) 19.71(1) 5.44(3) 2.98(1) 348.8(5) 175.6(5) 597.3(9)
9.3 298 0.2716(2) 0.4960(2) 0.744(2) 19.84(1) 5.48(3) 3.00(1) 357.2(5) 178.5(5) 611.1(9)
1.9 473 0.2876(2) 0.5216(2) 0.758(2) 19.36(1) 5.27(3) 2.91(1) 319.5(5) 163.4(5) 540.5(8)
3.8 473 0.2828(2) 0.5152(2) 0.755(2) 19.45(1) 5.34(3) 2.93(1) 332.1(5) 167.3(5) 560.0(8)
5.6 473 0.2784(2) 0.5076(2) 0.748(2) 19.57(1) 5.38(3) 2.95(1) 338.8(5) 170.2(5) 578.9(9)
7.6 473 0.2752(2) 0.5028(2) 0.746(2) 19.67(1) 5.42(3) 2.97(1) 347.4(5) 173.3(5) 593.5(9)
9.5 473 0.2724(2) 0.4988(2) 0.744(2) 19.78(1) 5.46(3) 2.98(1) 355.4(5) 176.0(5) 606.9(9)
2.3 673 0.2880(2) 0.5252(2) 0.758(2) 19.29(1) 5.26(3) 2.89(1) 320.0(5) 160.6(5) 538.4(8)
4.1 673 0.2832(2) 0.5184(2) 0.753(2) 19.42(1) 5.32(3) 2.91(1) 330.7(5) 163.9(5) 558.1(8)
6.1 673 0.2792(2) 0.5120(2) 0.748(2) 19.56(1) 5.36(3) 2.92(1) 339.3(5) 167.2(5) 575.5(9)
7.9 673 0.2760(2) 0.5068(2) 0.746(2) 19.65(1) 5.41(3) 2.94(1) 347.3(5) 170.4(5) 589.9(9)
9.6 673 0.2732(2) 0.5028(2) 0.744(2) 19.75(1) 5.45(3) 2.96(1) 355.2(5) 172.9(5) 603.1(9)
2.7 873 0.2884(2) 0.5296(2) 0.758(2) 19.29(1) 5.25(3) 2.86(1) 321.9(5) 157.9(5) 536.9(8)
4.5 873 0.2840(2) 0.5224(2) 0.751(2) 19.40(1) 5.29(3) 2.87(1) 328.6(5) 160.3(5) 554.7(8)
6.4 873 0.2800(2) 0.5164(2) 0.748(2) 19.50(1) 5.35(3) 2.90(1) 338.9(5) 163.9(5) 571.7(9)
8.3 873 0.2768(2) 0.5116(2) 0.748(2) 19.62(1) 5.41(3) 2.93(1) 349.8(5) 168.0(5) 586.1(9)
9.9 873 0.2744(2) 0.5068(2) 0.744(2) 19.71(1) 5.42(3) 2.94(1) 353.0(5) 169.9(5) 597.4(9)
3.4 1073 0.2888(2) 0.5332(2) 0.758(2) 19.24(1) 5.25(3) 2.84(1) 322.5(5) 155.4(5) 535.0(8)
5.2 1073 0.2844(2) 0.5264(2) 0.753(2) 19.39(1) 5.30(3) 2.86(1) 332.2(5) 158.7(5) 553.1(8)
7 1073 0.2804(2) 0.5208(2) 0.748(2) 19.48(1) 5.34(3) 2.87(1) 340.6(5) 160.9(5) 569.8(9)
8.7 1073 0.2772(2) 0.5152(2) 0.746(2) 19.57(1) 5.38(3) 2.90(1) 348.2(5) 164.2(5) 583.9(9)
10.5 1073 0.2752(2) 0.5104(2) 0.746(2) 19.66(1) 5.42(3) 2.92(1) 354.1(5) 168.1(5) 593.4(9)

FIG. 6. Longitudinal and shear moduli of tungsten at high pressures and high
temperatures.
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finite strain method has the advantage of minimizing or eliminat-
ing the uncertainties resulting from errors in pressure measure-
ment, thus the derived thermoelastic properties are not affected by
the choice or accuracy of pressure scale.

With derived P and S wave velocities at room conditions
[VP = 5.25(3) km/s VS = 2.91(1) km/s], Debye temperature θD
can be calculated using the equation

θD ¼ h
kB

� �
3n
4π

� �1/3 NAρ

M

� �1/3 2
3V2

S
þ 1

3V2
P

� ��1/3

;

where h is Planck’s constant, kB is Boltzmann’s constant, NA is
Avogadro’s number, M is the molecular weight, and n is the
number of atoms in the molecule. The derived result is
θD ¼ 383:4 K, which is in excellent agreement with the value
of 384.4 K by Bolef et al.14 and Featherston et al.12 The present P–V–
T data have also been analyzed using the Mie–Grüneisen–Debye
(MGD) EOS, which is another widely used and soundly based in the
most fundamental concepts of lattice dynamics. The pressure at a
given volume and temperature is expressed as34

P(V , T) ¼ P(V , T0) þ ΔPth, (16)

ΔPth ¼ γ(V)
V

[Eth(V , T) � Eth(V , T0)], (17)

where is P(V , T0) from taken from Eq. (1) and the thermal free
energy Eth is calculated from the Debye model as described below,

Eth ¼ 9nRT

(θ/T)3

ðθ/T
0

x3

ex � 1
dx, (18)

θ ¼ θ0exp
γ0 � γ

q

� �
, (19)

γ ¼ γ0
V
V0

� �q

, (20)

where n is the number of atoms per formula unit, R is the gas
content, θ is the Debye temperature depending on volume, γ0 and θ0
are the Grüneisen parameter and Debye temperature at V0, respec-
tively, and q ¼ dlnγ=dlnVð Þ. As the derived Debye temperature
θ0 = 383.4 K, this value is fixed in our calculations. Using the EosFit7
program,39 fitting to the current data yielded the Grüneisen parame-
ter γ0 ¼ 1:81(6) and its volume dependence q ¼ 0:3, which is in
great agreement with aforementioned γth ¼ 1:82 by the thermal
pressure approach. It is also found that the derived Grüneisen param-
eter is almost unaffected (γ0 ¼ 1:81–1:84) by varying the value of q
from 0.3 to 1.5, which is common for metals and minerals.34,40

CONCLUSION

In summary, we have measured the compressional and shear
wave velocities of polycrystalline tungsten up to 10.5 GPa and
1073 K using ultrasonic interferometry in conjunction with synchro-
tron x-ray diffraction and x-radiography techniques. Thermoelastic

properties have been derived using the P–V–T dataset by different
approaches, namely, high-temperature Birch–Murnaghan EOS, the
Vinet formalism of EOS, thermal pressure approach, the finite strain
method and Mie–Grüneisen–Debye EOS. The results are in good
agreement with each other, which indicates the self-consistency of
the whole dataset. The temperature derivate of shear modulus
[(∂G/∂T)P =− 0.0175 GPa K−1] and the pressure derivate of thermal
expansion of tungsten (@α/@P ¼ � 1:44 � 10�7 K�1GPa�1) are
obtained for the first time. The present measurements provide a
complete and self-consistent dataset for the thermoelastic properties
of tungsten. These results offer important reference data to improve
the theoretical modeling of the thermodynamic properties of crystal-
line solids with quasiharmonic approximation.
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